Dried biofilms and dried multilayered planktonic counterparts obtained from three desert strains of Chroococcidiopsis were exposed to low Earth conditions by using the EXPOSE-R2 facility outside the International Space Station. , respectively, and 0.5 Gy of cosmic ionizing radiation. Postflight analyses were performed on 2.5-year-old samples due to the space mission duration, from launch to sample return to the lab. The occurrence of survivors was determined by evaluating cell division upon rehydration and damage to the genome and photosynthetic apparatus by polymerase chain reaction-stop assays and confocal laser scanning microscopy.
Introduction
T o date, the exposure to space and Mars-like conditions in low Earth orbit (LEO) and laboratory-planetary simulations has highlighted a remarkable survival potential of dried bacterial spores and a selection of extremophiles, such as non-spore-forming bacteria, cyanobacteria, fungi, and lichens Cottin et al., 2017) , which upon desiccation are able to enter an ametabolic state and restore their metabolism upon rehydration (Crowe et al., 1992) . Although the mechanisms underlying such a peculiar phenomenon, known as anhydrobiosis, have not been fully deciphered (Crowe, 2014) , the exposure of anhydrobiotes in the dried state to environmental stressors correlates with an enhanced tolerance. This is likely due to the absence of liquid water and of an active metabolism, resulting in a reduced production of reactive oxygen species (Imlay, 2003) . The survival assessment of dried bacterial spores and dried nonspore-forming microorganisms after exposure to space or planetary-simulated conditions has several implications-for instance, when dealing with the preservation of the pristine nature of celestial bodies during space exploration (Kminek and Rummel, 2015) , when validating the lithopanspermia hypothesis, for example the interplanetary transport of viable microbes inside rocks (de la Torre et al., 2010) , but also when defining the physical-chemical limits of any extraterrestrial life (McKay, 2014) .
On Earth, biofilm formation is a successful survival strategy: the shift of bacteria from planktonic free-living state to a sessile lifestyle by attachment to a substratum results in an increased resistance to various stressors, such as starvation, desiccation, oxidation (Jefferson, 2004) . The transition between the two lifestyles involves changes in gene expression leading to biochemical responses, including the production of abundant extracellular polymeric substances (EPS), which greatly contribute to biofilm resistance (Flemming and Wingender, 2010; Flemming et al., 2016) . In the context of bacterial survival under non-Earth conditions, it was reported that the microgravity occurring inside the International Space Station (ISS) influences biofilm development, resulting in an increase in the number of viable cells and in biomass thickness .
The possibility that multilayered bacterial biofilms might better cope with space and Mars-like conditions compared to their planktonic counterparts obtained from the same bacterial strain grown in liquid medium has been investigated for the first time in the framework of the Biofilm Organisms Surfing Space (BOSS) experiment, part of the EXPOSE-R2 space mission performed outside the ISS. The fact that the biofilm architecture itself can guarantee the survival of bottom-layer cells was already suggested by the scored survival of multilayers of Bacillus subtilis spores exposed in space for 6 years on the Long Duration Exposed Facility, thanks to the protection against the solar UV radiation given by the spores' upper layers (Horneck et al., 1994) .
Hence, the BOSS experiment aimed to compare the resistance of biofilms and planktonic counterparts of extremophiles and assess whether biofilms can cope better with space and Mars-like conditions due to their specific features rather than to their organization in cell multilayers. The extremophiles investigated in the BOSS experiment were Deinococcus geothermalis, Bacillus horneckiae, Halococcus morrhuae, Halomonas salina, Gloeocapsa OU 20, and Chroococcidiopsis spp.
Cyanobacteria of the genus Chroococcidiopsis were selected due to their strong resistance to desiccation and radiation Billi, 2018) . In nature they occur in extremely hot and cold deserts, considered the closest analogs of Mars , there forming hypolithic or endolithic biofilms at the soil-rock interface or inside porous rocks (Friedmann and Ocampo, 1976; Friedmann, 1980; Grilli Caiola and Billi, 2007) . Under laboratory conditions, these desert cyanobacteria survive years of airdrying (Billi, 2009; Fagliarone et al., 2017) and, when irradiated in the dried state, can tolerate up to 24 kGy of gamma rays and 30 kJ/m 2 of Marslike UV flux (Cockell et al., 2005) . These features make desert strains of Chroococcidiopsis ideal candidates for investigating life endurance under space and Mars-like conditions in LEO by using the ESA EXPOSE facility, a platform that allows passive exposure to space conditions of dried samples subsequently analyzed after retrieval back on Earth .
For the BOSS experiment, three desert strains of Chroococcidiopsis part of Culture Collection of Microorganisms from Extreme Environments (CCMEE) were selected according to different modalities of rock colonization (hypolithic or endolithic) and different type of rocks (granite or sandstone), so as to entail differences in biofilm formation and performance. The selected strains had been previously exposed (as dried biofilms and dried multilayered planktonic cells) to ground-based simulations performed prior to the EXPOSE-R2 space mission. The simulations included the use of monochromatic (254 nm, up to 10 kJ/m 2 ) and polychromatic (200-400 nm, up to 5 · 10 5 kJ/m 2 ) UV radiation combined with space vacuum (2 · 10 -4 Pa) or Mars-like atmosphere (780 Pa). The results of these ground-based simulations revealed an overall enhanced survival of Chroococcidiopsis biofilms compared to their multilayered planktonic counterparts (Baqué et al., 2013a (Baqué et al., , 2013b . This is in line with the results obtained for dried biofilms of Deinococcus geothermalis exposed to the same ground-based simulations (Frösler et al., 2017) . In particular, the investigated Chroococcidiopsis biofilms differed regarding the survival potential to ground-based simulations, CCMEE 057 biofilms being more resistant than those of strain CCMEE 029 (Baqué et al., 2013b) ; CCMEE 064 and CCMEE 057 biofilms showed a similar resistance, while CCMEE 123 biofilms were the less tolerant (Billi, unpublished data) .
Hence, based on the ground-based simulations and the positions available for integration in the EXPOSE-R2 facility, dried biofilms and multilayered planktonic cells were obtained from strains CCMEE 057, CCMEE 029, and CCMEE 064. During the space mission (696 days from launch to landing) Chroococcidiopsis samples were exposed to space and Mars-like conditions and Mission Ground Reference (MGR) simulating flight conditions. The occurrence of survivors within the biofilms and multilayered planktonic samples was determined by evaluating cell division upon rehydration, while extent of the damage accumulated to genomic DNA and to photosynthetic apparatus was evaluated by polymerase chain reaction (PCR)-stop assays and confocal laser scanning microscopy (CLSM).
Material and Methods

Organisms and sample preparation
Chroococcidiopsis spp. CCMEE 057 (S6e), CCMEE 029 (N6904), and CCMEEE 064 (S8c), hereafter referred to as CCMEE 057, CCMEE 029, and CCMEE 064, were isolated by Roseli Ocampo-Friedmann from chasmoendolithic growth in granite in the Sinai Desert, from cryptoendolithic growth in sandstone in the Negev Desert, and from hypolithic growth under desert pavement in the Sinai Desert, respectively. The isolates are part of the CCMEE established by E.I. Friedmann and maintained at the University of Rome Tor Vergata. Strains were grown under routine conditions at 25°C, in BG-11 medium, under a photon flux density of 40 mmol$m Biofilms were obtained by growing for about 2 months cyanobacterial cells on top of BG-11 agarized medium, in Petri dishes sealed with Parafilm. Then they were air-dried by removing the Parafilm and leaving them to slowly dry for about 15 days under routine conditions. Dried biofilms were stored in the dark under laboratory conditions. Multilayered planktonic samples were obtained by pelleting cells from exponential liquid cultures, resuspending them to a density of about 5 · 10 10 cells/mL plating 40 mL onto 1.5% agarized BG-11 medium in 100 mm diameter Petri dishes, that was immediately dried under a laminar flow hood for 2 days. Finally, 12 mm diameter disks were cut out of biofilm and planktonic dried samples and shipped to the Microgravity User Support Center (DLR, Cologne) for integration in the
EXPOSE-R2 hardware and a flight-similar hardware for the MGR, simulating the flight mission. Laboratory controls were stored in the air-dried state, in the dark, at room temperature for the duration of the space mission.
Exposure in LEO
Dried biofilms and multilayered planktonic samples of strains CCMEE 029 and CCMEE 057 and only biofilms of strain CCMEE 064 were accommodated in Tray 1 and Tray 2 of the EXPOSE-R2 flight hardware (Fig. 1A) .
The ''Space'' Tray 1 was covered with MgF 2 windows for exposure to space UV radiation (from l & 110 nm) under space vacuum.
The ''Mars'' Tray 2 was covered with quartz windows and a long-pass cutoff filter of approximately 50% transmission at 216 nm, for exposure to a Mars-like UV spectrum (from l > 200 nm), under a Mars-like atmosphere (980 Pa of a gas mixture composed of 95.55% CO 2 , 2.70% N 2 , 1.60% Ar, 0.15% O 2 , and circa 370 ppm H 2 O). Tray 1 and Try 2 were further covered with 0.1% neutral density filters. Calculations provided by RedShift showed that during the EXPOSE-R2 mission each sample was exposed to a different UV dose depending on its position within a given compartment (Fig. 1B ).
Mission ground references and laboratory controls
Mission Ground Reference was performed by simulating the flight mission conditions (temperatures, vacuum, UV irradiation, Mars-like atmosphere). Each compartment was exposed to a mean UV radiation (200-400 nm) fluence as transmitted during the space mission (Fig. 1C) , as described by Rabbow et al. (2017) .
Confocal laser scanning microscopy
Fragments (about 2 mm 2 ) of dried samples were observed with a confocal laser scanning microscope (Olympus Fluoview 1000) by using a 60· objective and obtaining optical sections with a 0.53 mm step size. Sample thickness was assessed for a minimum of six locations, and the thickness was approximated as the step size multiplied by the number of steps needed to go through the sample along the z axis.
The autofluorescence of photosynthetic pigments (phycobiliproteins and chlorophyll a) was revealed by successively exciting the samples with a 543 nm laser and a 635 nm laser, and collecting the emitted fluorescence in the 555-609 and 655-755 nm channels, respectively. The spectral analysis of the fluorescence intensities of each optical section obtained across 211.5 · 211.5 mm areas was performed using the 543 nm laser and collecting the emission from 543 to 800 nm. The maximum intensity was determined as the average intensity within the optical section where intensity was highest. EPS were stained with concanavalin A conjugated to Alexa Fluor 488 (Molecular Probes C-11252) and BODIPY FL C12 (Molecular Probes D-3822) as previously reported (Baqué et al., 2013b) . Images were taken by exciting the samples with a 488 nm laser and collecting the emission between 510 and 530 nm and processed with the Imaris v. 6.1.0 software (Bitplane AG Zürich, Switzerland).
Polymerase chain reaction-stop assays
Sample fragments (about 2 mm 2 ) were resuspended in sterile bidistilled water (50 mL) and the DNA extracted as described (Baqué et al., 2013b) . For genomic-PCR fingerprinting, the primer HIP1-CA (5¢-GCGATCGCCA-3¢) was used in PCR reactions using the Taq polymerase Master Mix (MyTaq TM Red Mix, Bioline) and the following PCR program: 1 cycle at 94°C for 3 min; 30 cycles at 94°C for 30 s, 35°C for 30 s, 72°C for 1 min, and 1 cycle at 72°C for 7 min. For real-time quantitative polymerase chain reaction (qPCR) a 1027 bp fragment of the 16S rRNA gene was used as target gene in PCR reactions using the qPCR cocktail (iQ SYBR Bio-Rad) as described (Baqué et al., 2013b) . All assays were performed at least three times, each including three replicates per sample.
Survival
Cells were removed from fragments (about 4 mm 2 ) of dried agarized medium with 50 mL of BG-11 medium, the cell density was determined by using a counting chamber, and about 10 6 colony-forming units (cfu) per sample were plated onto agarized BG11 and incubated under routine growth conditions for 6 months. From samples that did not yield colonies, about 2 · 10 7 cfu (from about 25 mm 2 fragments) were placed in 2 mL of BG11 medium and incubated for 3 months under routine conditions.
Results
Biofilms and multilayered planktonic samples differ regarding EPS abundance and thickness
Confocal laser scanning microscopy imaging revealed that biofilms grown on an agarized BG-11 medium and slowly airdried were thicker than their multilayered planktonic counterparts obtained by plating cells from liquid culture onto an agarized BG-11 medium and immediately air-drying. For strain CCMEE 029 the thickness of biofilms and planktonic counterparts was 65 -1.5 mm and 46 -3.8 mm, respectively, while for strain CCMEE 057 biofilms were 52 -5.7 mm thick ( Fig. 2A) and planktonic counterparts 43 -5.1 mm (Fig. 2B) . The thickness of strain CCMEE 064 biofilms was 65 -7.1 mm, while dried planktonic counterparts were not used in the EXPOSE-R2 facility. Figure 2 shows also that photosynthetic pigments (chlorophyll a and phycobiliproteins) did not bleach upon air-drying of biofilms ( Fig. 2A) and planktonic multilayered counterparts (Fig. 2B) . The lack of photosynthetic pigment bleaching was absent in dried samples of strains CCMEE 029 and CCMEE 064 (not shown).
Confocal laser scanning microscopy imaging of dried biofilms of strains CCMEE 029, CCMEE 057, and CCMEE 064 stained with BODIPY FL C12 revealed the presence of a well-developed EPS matrix with abundant lipidic compounds, as shown for CCMEE 057 (Fig. 3A) , while dried multilayered planktonic cells showed a reduced amount of lipidic compounds (Fig. 3B ). After staining with concanavalin A, biofilms (Fig. 3C) 
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cells (Fig. 3D) showed a reduced amount of a-mannopyranosyl and a-glucopyranosyl residues.
3.2. Enhanced preservation of photosynthetic pigments in biofilm bottom-cell layers exposed to space and Mars-like conditions
Postflight analyses were carried out on about 2.5-year-old samples due to the EXPOSE-R2 space mission duration (about 900 days from launch to sample return to the lab), the time between sample preparation, integration into flight hardware, and sample distribution after return to Earth. For CCMEE 064 only biofilms could be integrated in the space hardware due to position availability as shown in Fig. 1 . Hereafter, results of the CLSM analysis of strain CCMEE 057 are shown, although similar results were obtained for CCMEE 029 and CCMEE 064.
After 2.5 years of storage in the air-dried state under laboratory conditions, control biofilms showed bleached cells in the top 2-3 layers (yellowish fluorescence in Fig. 4A ), followed by unbleached cell layers (red fluorescence in Fig. 4A ).
After exposure to space conditions in the top-layer carrier (e.g., under UV flux), dried biofilms exhibit a slight increase in the number of bleached top-layer cells (Fig. 4B) , compared to control. No increase in the number of bleached toplayer cells occurred in dried biofilms exposed to space conditions in the bottom-layer carrier (e.g., in the dark) (Fig. 4C) . After exposure to Mars-like conditions in the toplayer carrier, the number of bleached top-layer cells increased (Fig. 4D) ; this was in marked contrast to in biofilms exposed to Mars-like conditions in the bottom-layer carrier (Fig. 4E) . The analysis of the optical sections obtained throughout the thickness of dried biofilms exposed to space and Mars-like conditions identified, in the case of samples from top-and bottom-carrier layers, sections with a maximum autofluorescence corresponding to about 89% of control biofilms. In the biofilm's bottom layers this suggests the presence of cells with a reduced damage to the photosynthetic apparatus.
Planktonic multilayers maintained in the air-dried state under laboratory conditions for 2.5 years showed an increased number of bleached top-cell layers (yellowish fluorescence in Fig. 4F ), compared to the control biofilms (Fig. 4A) .
After exposure to space and Mars-like conditions in the top-layer carrier, dried multilayered planktonic samples showed an increase in the number of bleached top-cell layers (Fig. 4G, 4I ) compared to control. An increased number of bleached top-cell layers also occurred in samples exposed to space and Mars-like conditions in the bottom-layer carrier (Fig. 4H, 4L ). The analysis of the optical sections obtained throughout the thickness of multilayered planktonic samples exposed in the top-layer carrier to space and Mars-like conditions revealed a reduction in the maximum intensity to the order of about 40% and 70% of that of the dried control, respectively. This suggests the accumulation of additional damage to the photosynthetic apparatus as compared to biofilms under the same conditions.
Reduced genomic DNA damage in biofilms exposed to space and Mars-like conditions
After exposure to space and Mars-like conditions, genomic DNA of CCMEE 029 and CCMEE 057 proved better preserved in biofilms than in their multilayered planktonic counterparts (Fig. 5) . In addition, DNA damage was more abundant in multilayered planktonic cells of strain CCMEE 029 than in those of strain CCMEE 057.
When DNA damage was qualitatively evaluated by genomic-PCR fingerprinting, multilayered planktonic cells of strain CCMEE 029 did not yield any amplicons after exposure to space and Mars-like conditions in the top-layer
FIG. 4. CLSM imaging of photosynthetic pigment autofluorescence in Chroococcidiopsis CCMEE 057 as occurring at the onset of air-drying in biofilms (A-E) and multilayered planktonic cells (F-L).
carrier, for example under UV flux (Fig. 5A, lanes 3, 6) . By contrast, a PCR band pattern comparable to that of the unexposed dried lab control was obtained from cells exposed in the bottom-layer carrier, for example in the dark (Fig. 5A,  lanes 4, 7) . Multilayered planktonic cells of strain CCMEE 057 yielded PCR amplicons reduced in number and intensity after exposure to space and Mars-like conditions in the toplayer carrier (Fig. 5B, lanes 3, 6) , whereas a PCR band pattern comparable to that of lab control was obtained for samples exposed to space and Mars-like conditions in the bottom-layer carrier (Fig. 5B, lanes 4, 7) . For strain CCMEE 064, the comparison between biofilms and planktonic cells was not possible because only biofilms were integrated in the flight hardware. No alteration of genomic PCR fingerprinting occurred in dried biofilms exposed to conditions reported above (not shown).
When genomic DNA damage was quantified in strain CCMEE 057 by means of qPCR, it proved less abundant in biofilms than in planktonic counterparts after exposure in the top-layer carrier to space conditions, both in LEO and MGR (Fig. 6) . A similar result was obtained for samples exposed to Mars-like conditions in the top-layer carrier, although the number of amplified copies of the target gene was one or two orders of magnitude lower than in samples exposed to space (Fig. 6 ). Samples exposed in the bottomlayer carrier to space conditions showed no significant DNA damage, unlike samples exposed to Mars-like conditions, which showed more DNA damage in multilayered planktonic cells than in biofilms, both in LEO and MGR (Fig. 6) .
Enhanced survival of biofilms exposed to space and Mars-like conditions
Cell survival was evaluated by plating about 10 6 cells per sample on BG-11 agarized medium, when no colonies were scored about 2 · 10 7 cfu were inoculated into liquid BG-11 medium. Therefore, survival was considered ‡10 -6 or ‡10 -7 , respectively (Table 1) .
Overall, biofilms showed an enhanced survival compared to their planktonic counterparts after exposure to space or Mars-like conditions in LEO and MGR when exposed in the top-and bottom-layer carriers (e.g., under UV irradiation or in the dark, respectively), as shown in Table 1 .
For strain CCMEE 029, planktonic samples exposed in LEO and MGR in the top-layer carrier did not form colonies and did not grow after transfer into liquid medium; only samples from flight bottom-layer carrier recovered upon transfer into agarized growth medium. CCMEE 029 biofilms showed a greater survival, being able to grow after exposure in the top-layer carrier and forming colonies when exposed in the bottom-and top-layer carrier, respectively.
For strain CCMEE 057, planktonic samples formed colonies only when exposed in the bottom-layer carrier, while when exposed in the top-layer carrier they recovered only in liquid medium. CCMEE 057 biofilms formed colonies after all the exposure conditions, showing a greater survival than CCMEE 029 biofilms.
For strain CCMEE 064, biofilms formed colonies after all the exposure conditions, except for samples exposed in the top-layer carrier to Mars-like conditions in LEO, these recovering only when transferred into liquid growth medium. Thus, CCMEE 064 biofilms were less resistant than CCMEE 057 biofilms.
Discussion
The BOSS project aimed to verify if dried biofilms are more resistant than their dried multilayered planktonic counterparts when exposed to space and Mars-like conditions by using the EXPOSE-R2 facility located outside the 
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ISS. Samples in Tray 1 were exposed to space vacuum for 672 days and solar UV radiation, from l & 110 nm for 469 days (according to the removal of the UV shielding from the EXPOSE-R2 facility). Samples in Tray 2 were exposed for 469 days to a Mars-like UV flux, l > 200 nm under a Mars-like atmosphere; the Mars-like atmosphere was kept inside the tray for 722 days until return to the Microgravity User Support Center. Samples in Tray 1 and Tray 2 were exposed to total UV (200-400 nm) fluences of about 4.58 · 10 2 kJ/m 2 and 4.92 · 10 2 kJ/m 2 , respectively, due to the presence of 0.1% neutral density filter , and about 0.5 Gy of cosmic ionizing radiation (Dachev et al., 2017) . Postflight analyses were performed on 2.5-year-old samples due to the EXPOSE-R2 space mission duration (696 days from launch to landing; 900 days from launch to sample return to the lab), the time between sample preparation, integration into flight hardware, and sample distribution after return to Earth. The evaluation of the capability of entering cell division upon rewetting revealed that dried biofilms better coped Top: Exposed in the upper sample carrier of a two-layer stack (exposed to UV). Bottom: Exposed in the lower-stack carrier (kept in the dark).
-: no survival. Survival ‡10 -6 (tested as colony-forming ability on agarized BG-11 medium). Survival ‡10 -7 (tested as growth into liquid BG-11 medium).
FIG. 6.
DNA damage revealed by qPCR-genome in biofilms and multilayered planktonic cells of Chroococcidiopsis CCMEE 057 exposed to space and Mars-like conditions in LEO and MGR. B: biofilm control (maintained in the air-dried state under laboratory conditions for 2.5 years); P: planktonic control (maintained in the air-dried state under laboratory conditions for 2.5 years); Bt: biofilm exposed in the top-layer carrier; Bb: biofilm exposed in the bottom-layer carrier; Pt, planktonic exposed in the top-layer carrier; Pb: planktonic exposed in the bottom-layer carrier. Flight: exposed in LEO; MGR: exposed to ground-based simulations simulating the space mission; Space: exposed to space; Mars: exposed to Marslike conditions. Data are shown as averages -standard deviations. Single asterisks indicate significant differences ( p < 0.05) between planktonic and biofilm samples, based on planned Student t tests uncorrected for multiple comparisons. Pairs of asterisks indicate significant differences ( p < 0.05) after correcting for multiple comparisons using the Bonferroni method.
with space and Mars-like conditions than their multilayered planktonic counterparts. The three investigated desert strains showed a different survival, CCMEE 057 and CCMEE 029 being the most and the least resistant, respectively, with CCMEE 064 having a resistance in-between the other two strains. The different survival of biofilms from closely related strains might be due to biofilm matrix tightly encasing the cells rather than to its thickness. In fact, CCMEE 029 biofilms were both the thickest (65 -1.5 mm) and the least resistant compared to biofilms of strains CCMEE 057 (52 -5.7 mm) and CCMEE 064 (65 -7.1 mm). Results are consistent with the ground-based simulations performed before the EXPOSE-R2 space mission, these highlighting a greater resistance of dried biofilms of CCMEE 057 compared to CCMEE 029, regardless of their thickness (Baqué et al., 2013b) . Unlike biofilms, planktonic counterparts showed a reduced thickness, and cells were not encased in a protective matrix; nevertheless, a sufficient number of cell layers occurred to guarantee survival, albeit reduced when compared to that of the biofilms. In fact, multilayered planktonic samples of CCMEE 057 were thinner (43 -5.1 mm) than that of CCMEE 029 (46 -3.8 mm). The resistance of the planktonic counterpart of strain CCMEE 064 was not tested because it was not integrated in the EXPOSE-R2 facility. Moreover, no correlation occurred between survival and slightly different UV doses received by samples inside the different compartments of Tray 1 and Tray 2. Since solar UV radiation is the limiting factor for microbial survival in space , the enhanced survival of dried biofilms compared to multilayered planktonic counterparts suggests that, although the shielding provided by top-cell layers is necessary to guarantee a certain degree of survival, additional features must underlie the biofilm resistance. Unlike biofilms, multilayered planktonic samples lacked abundant EPS, and this might have contributed to the accumulation of damage leading to a reduced endurance under space and Mars-like conditions. Indeed, BODIPY staining revealed that CCMEE 029, CCMEE 057, and CCMEE 064 produced EPS with abundant lipidic compounds as previously reported (Baqué et al., 2013b) . Since the three desert strains were selected for their different modality of rock colonization (hypolithic or endolithic) and different type of rocks colonized (granite or sandstone), their EPS composition needs to be better characterized in order to elucidate more fully their role in the different biofilm endurance. However, the enhanced survival of dried biofilms is probably due not only to EPS. In fact, upon drying, biofilms, due to their being metabolically and physiologically different from planktonic counterparts, might acquire features that make them more resistant to environmental stressors. Indeed, the storage of multilayered planktonic samples in the air-dried state for 2.5 years under laboratory conditions resulted in an increased bleaching of the top-layer cells compared to biofilms.
The exposure in the top-layer carriers to space and Marslike conditions resulted in an increased number of bleached cell layers in planktonic counterparts compared to biofilms. In fact, CLSM analysis of CCMEE 057 biofilms exposed to space and Mars-like conditions identified optical sections with a maximum fluorescence of the photosynthetic pigments reduced only to 89% of that of control. This suggests that top-layer cells provided enough protection of the bottom-layer cells against UV radiation. By contrast, in multilayered planktonic counterparts exposed in the toplayer carrier to space and Mars-like conditions, optical sections occurred with a maximum fluorescence reduced to about 40% and 70% of that of the control, respectively. Moreover, multilayered planktonic samples underwent extensive pigment bleaching when exposed in the bottom-layer carrier to space and Mars-like conditions, but also under laboratory control conditions. This suggests that, unlike multilayered planktonic samples, within the biofilm bottomlayers there were less damaged cells, which upon rewetting recovered better than their planktonic counterparts.
A reduced DNA damage occurred in dried biofilms compared to dried planktonic multilayered counterparts exposed to Mars-like conditions; this was evident in samples from both top-and bottom-layer carrier, for example in the dark. Under such conditions, UV-induced DNA damage was absent, as expected, while the shielding provided by top-layer cells was irrelevant. Thus, it might be speculated that the presence of 0.15% O 2 in the Mars-like atmosphere caused oxidative stress against which biofilms better coped. A damaging effect of a Mars-like atmosphere was reported for biofilms and multilayered planktonic samples of CCMEE 029 and CCMEE 057 exposed to the ground-based simulations performed before the EXPOSE-R2 space mission (Baqué et al., 2013b) . However, DNA damage was accumulated to a lower extent compared to the present work; this was likely due to the shorter exposure time, 99 h against 469 days of exposure to a Mars-like UV flux in LEO and absence of temperature fluctuations occurring during the EXPOSE-R2 space mission . Similarly, no DNA damage was accumulated in dried biofilms and planktonic multilayers when exposed to space in the bottom-layer carrier. This suggests that the space vacuum did not affect DNA integrity, at least as revealed by PCR-stop assays, in agreement with laboratory simulations performed before the EXPOSE-R2 space mission (Baqué et al., 2013b) .
In conclusion, biofilms accumulated less damage than planktonic counterparts when exposed in space and Marslike conditions under UV irradiation, but also in dark conditions in both flight and laboratory control conditions. Therefore, biofilm endurance must be due not only to the presence of abundant EPS but also to additional features acquired upon drying. Although the scored survival does not permit conclusions concerning bacterial survival over timeframes relevant to lithopanspermia, biofilms could survive exposure to space conditions for a period relevant in the context of Earth-to-Mars travel. For example, the voyage of the Mars Science Laboratory lasted less than 9 months, thus raising concerns about planetary protection. Our results suggest that bacteria might indeed survive on Mars if shielded from UV, for instance by martian dust, since it is known that a few millimeters of soil is enough for UV protection (Mancinelli and Klovstad, 2000; Cockell and Raven, 2004) . In view of the resistance of desert strain of Chroococcidiopsis to ionizing radiation (Billi et al., 2000; Verseux et al., 2017) , the exposure in LEO to a total dose of 0.5 Gy of ionizing radiation did not affect biofilm survival. Hence, based on the dose of 76 mGy/year measured by the Curiosity rover at Gale Crater's surface (Hassler et al., 2013) , dried biofilms would survive on Mars more than half a decade. In addition, since the UV dose received in LEO corresponds to approximately 8 h under a Mars UV flux at the equator (Cockell et al., 2000) , the speculated biofilm survival supports the possible dissemination of viable organisms. If carried, for instance, by winds at 5 m$s -1 (Gomez-Elvira et al., 2014) with the average flux mentioned above, they could travel more than 100 km without dying. However, other factors found on Mars need to be taken into account so as to reduce the planetary protection risk, such as the presence of perchlorates that have been shown to be highly damaging to life (Wadsworth and Cockell, 2017) .
